Decidualization is regulated by crosstalk of progesterone and the cAMP pathway. It involves extensive reprogramming of gene expression and includes a wide range of functions. To investigate how cell cycle regulatory genes drive the human endometrial stromal cell (ESC) exit cell cycle and enter differentiation, primary cultured ESC was treated with 8-Br-cAMP and MPA and cell cycle distribution was investigated by flow cytometry. High-throughput cell cycle regulatory gene expression was also studied by microarray. To validate the results of microarray chip, immunohistochemistry and semi-quantitative method of optical density were used to analyze the expression of cell cycle regulator proteins in proliferative phase of endometrium (n = 6) and early pregnancy decidua (n = 6). In addition, we selected cyclin-dependent kinase inhibitor 1c (CDKN1C, also known as P57) and cyclin-dependent kinase inhibitor 2b (CDKN2B, also known as P15) in order to study their role in the process of decidualization by the RNAi method. ESC was arrested at G0/G1 checkpoints during decidualization. Cell cycle regulatory genes P57 and P15 were upregulated, while cyclin D1 (CCND1), cyclin-dependent kinase 2 (CDK2), and cell division cycle protein 2 homolog (CDC2) were downregulated during ESC differentiation both in vitro and vivo. P57 siRNA impaired ESC decidualization and caused different morphological and ultrastructural changes as well as a relatively low secretion of prolactin, but P15 siRNA had no effects. We concluded that P15, CCND1, CDK2, and CDC2 may participate in ESC withdraw from the cell cycle and go into differentiation both in vitro and in vivo. P57 is one of the key determinants of ESC differentiation due to its effect on the cell cycle distribution, but its association with the decidua-specific transcription factor needs further investigation. Wang et al., 2018, Vol. 98, No. 3 
Introduction
A successful pregnancy entails two pivotal processes: correct embryo development and uterine differentiation. The latter involves secretory transformation of the glandular epithelium and decidualization (differentiation) of the endometrial stromal cell (ESC) into a distinct morphological appearance with a unique biosynthetic phenotype [1] . In cells surrounding the terminal spiral arteries and underlying the luminal epithelium, decidualization starts approximately 9 days after ovulation. It then continues throughout the entire gestational period, with the ratio of prolactin (PRL)-expressing cells in the decidua increasing progressively from 9.8% at early pregnancy to 57.8% at full term [2] . Decidualization is critical for the regulation of trophoblast growth and invasiveness, control of implantation window, angiogenesis, placenta formation, embryo selection, and establishment of maternofetal immuno-microenvironment [3] . On the other hand, abnormal decidualization can result in multiple disorders during pregnancy, such as implantation failure, miscarriages, preeclampsia, and intrauterine growth restriction, among others [1, [3] [4] [5] [6] [7] .
It is generally accepted that cellular differentiation comes after cell cycle arrest. Cell proliferation and differentiation bears a reciprocal relationship [8] [9] [10] . Precursor cells continue their division before acquiring a fully differentiated status, while terminally differentiated cells coincidently undergo proliferation arrest and exit from the cell cycle [11] . However, the exact molecular mechanisms underlying cell cycle arrest of human ESCs during the decidualization remain poorly understood.
Decidualization is regulated by a crosstalk between the progesterone pathway and the cAMP pathway [12] . Microarray studies have confirmed that decidualization involves extensive reprogramming of gene expression in ESCs [13] . These specifically expressing genes possess a wide array of functions, such as cell cycle regulation, cytoskeletal remodeling, angiogenesis, immune modulation, oxidative stress defense, ion and water transport, response to steroid hormones, deposition of ECM, modulation of transcription, epigenetic patterning, and posttranslational modifications [5, 14, 15] . Despite considerable advances, most of the researches used 80%-100% confluent ESCs for differentiation, while in other studies cells were treated by progesterone for up to 10 days. In these scenarios, contact inhibition among the cells might result and is unacceptable for the identification of cell cycle regulatory molecules, especially those controlled by progesterone and cAMP [16] [17] [18] [19] .
So far, most of our knowledge about the regulation of ESC differentiation has come from in vitro model systems [5, [20] [21] [22] . Decidualization can be induced in primary cultures of ESCs by incubating the cells with progesterone in combination with high level of cAMP [20] . In this study, by employing this model and 30%-40% confluent ESCs, we examined the cell cycle distribution during ESC differentiation by flow cytometry and the expression of cell cycle regulatory gene by high-throughput microarray analysis. Furthermore, we also tested the microarray results in human endometrial biopsy specimens. Our RNAi study demonstrated that P57 and not P15 is one of the determinants of ESC decidualization.
Materials and methods
This study was approved by the Medical Board of the Tongji Hospital of Huazhong University of Science and Technology, Wuhan, China. Informed consent was obtained from all participants. All efforts were made to conduct our studies involving human subjects in strict accordance with the declaration of Helsinki.
Sample collection
Endometrial tissues at proliferative phase were isolated from normally cycling women at diagnostic laparoscopy for fallopian tube obstruction (totally 23 cases: 1 case for stromal cell identification (supplemental materials); 3 cases for microarray assay; 3 cases for cell cycle analysis; 6 cases for immunohistochemistry; 3 cases for PRL test; 4 cases for transmission electron microscopy and small interfering RNA (siRNA) verification (supplemental materials); 3 cases for cell cycle analysis after siRNA transfection). Histological examination revealed that endometrium was normal in all the subjects. Endometrial dating was determined by menstrual history and histologically confirmed by a pathologist who was blind to clinical outcomes. Deciduae (six cases for immunohistochemistry) were collected from women who had been subjected to artificial abortion during the 7-10 weeks of pregnancy.
Primary ESC culture and in vitro decidualization
The tissues were collected into an Eagle phosphate-buffered saline (PBS) containing 100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen Corp., Grand Island, NY), and then washed in DMEM/F12 (Invitrogen). The tissues were minced and enzymatically digested, and the ESCs were separated from epithelial cells and cultured as described previously [23] . Confluent ESCs (30%-40%) were cultured in phenol red-free DMEM/F12 (Invitrogen) without serum for 24 h. To elicit decidualization, the media were changed to phenol red-free DMEM/F12 containing 2% dextran-coated charcoaltreated FBS (DCC-FBS) (Hyclone Co., Logan, UT) with 0.5 mM 8-Br-cAMP and 10 −6 M MPA (Sigma) for 4 days. The control group was maintained in phenol red-free DMEM/F12 with 2% DCC-FBS for 4 days. The culture medium was centrifuged at 800 g for 10 min. The PRL was determined by using a chemiluminescence assay (Bayer Corp., Vital GmbH, Fernwald, Germany). The sensitivity of the assay was 0.3 ng/ml. Cell number per well was counted on an automated cell counter (Alit International Trade Co., Ltd, Shanghai, China) using Trypan Blue (Goodbio Technology Co.) according to the manufacturer's instructions.
Messenger RNA microarray analysis
Total RNA was extracted with TRIzol reagent (Invitrogen, Gaithersburg, MD, USA). RNA purification, cDNA synthesis, cRNA synthesis, purification, labeling, and hybridization to human cell cycle genome oligonucleotide microarrays (CapitalBio, Beijing, China) were performed by using a cRNA Amplification and Labeling Kit (CapitalBio, Beijing, China) by following the manufacturer's instructions. Slides were scanned with the LuxScan 10 KA microarray scanner (CapitalBio), and mRNA data were analyzed by using the LuxScan3.0 image analysis software package (CapitalBio). Genes with the signal intensity (Cy3 or Cy5) > 800 were regarded as the expressed ones. Hybridization was performed on each of the materials (including three biological replicates and two technical replicates). Gene expression during ESC decidualization was detected by using the significance analysis of microarrays software package (SAM; Stanford University). Any gene with a false discovery rate less than 0.05 and a fold change no less than 2 were considered to be a differentially expressed one.
Flow cytometrical determination of cell cycle
For the flow cytometrical analysis of cell cycle, cells were trypsinized, collected by centrifugation, fixed by 70% ethanol at 4
• C overnight, centrifuged again, and resuspended in PBS containing 0.5 μg/ml ribonuclease A at 37
• C for 1 h, and then 50 μl (0.1 mg/ml) propidium iodide was added for 30 min at 4
• C before analysis by FACScan (Becton Dickinson, San Jose, CA). Data were analyzed by utilizing Cell Quest software (Becton Dickinson).
Immunohistochemical staining
Tissue samples were fixed in formalin, paraffin-embedded, cut into 5-μm sections, and mounted onto slides for immunostaining. Slides were then deparaffinized and dehydrated through a series of xylene and ethanol washes. After a 5-min rinse in distilled water, an antigen-presenting step was performed by steaming the slides in 0.01 M sodium citrate buffer for 20 min, followed by removal of the staining jar from the steam chamber and cooling it for 20 min. Slides were rinsed for 5 min in PBS. Endogenous peroxidase was quenched with 3% hydrogen peroxide for 5 min followed by a 5-min PBS wash. Afterwards, sections were incubated with the secondary antibody (Boster, Wuhan, China) for staining, then with avidin and biotinylated peroxidase at room temperature for 45 min, and finally with DAB (400 mg/ml) at room temperature for 5 min. The sections were exposed to hematoxylin serving as counterstain. The average optical density was analyzed by using an image analysis system (HPIAS-1000).
Small interfering RNA transfection
Small interfering RNAs were purchased from Invitrogen (sequences of P57: CCAAGCGCAAGAGAUCAGCGCCUGA; UCAGGCGCU-GAUCUCUUGCGCUUGG; sequences of P15: GGAGAAG-GUGCGACAGCUCCUGGAA; UUCCAGGAGCUGUCGCACCU-UCUCC). ESCs were transfected with P57-siRNA or with control negative siRNA by using Lipofectamine 2000 (Invitrogen, Life Technologies) according to the manufacturer's instructions. The cells were then cultured and decidualized with 8-Br-cAMP and MPA as aforementioned. The transfection efficiency was validated by fluorescent photography and western blotting (Supplementary Figure S1) . 
Statistical analysis
Each experiment was performed at least three times and repeated on three different specimens. The results were expressed as the mean ± SEM. Normal distribution of the data was tested by the Shapiro-Wilk normality test. A Student t-test was used to analyze the average optical density of each protein in the proliferative stroma cell and decidua in vivo. Two-way analysis of variance (ANOVA) was performed on the cells treated with 8-br-cAMP plus MPA on days 0, 2, and 4 (D0, D2, and D4. respectively), followed by the SNK post hoc test. ANOVA was used to test the difference in cell cycle distribution between the treated and control group on the same days. A P < 0.05 was considered to be statistically significant.
Results

Cell cycle distribution during ESC decidualization
ESCs were decidualized by progesterone and cAMP containing 2% charcoal-treated FBS (decidualization group) for 4 days and then cultured in DMEM-F12 containing only 2% charcoal-treated FBS as a control (control group). Flow cytometry showed that the percentage of cells in G0/1 phase increased during decidualization (65.7% ± 1.98% in D0, 84.80% ± 1.52% in D2, and 88.63% ± 1.48% in D4). Nonetheless, the percentage of cells in S phase decreased (18.2% ± 1.62% in D0, 3.92% ± 0.87% in D2, and 0.38% ± 0.10% in D4, respectively). Similarly, the percentage of cells in G2/M phase also dropped (15.47% ± 1.36% in D0, 11.20% ± 0.79% in D2, and 10.99% ± 0.64% in D4) ( Figure 1) . We compared the decidualization group and the control group in terms of cell cycle distribution. The S phase percentage of the decidualization group was significantly lower in D2 and D4 (3.92% ± 0.87% and 0.38% ± 0.10%) than the control group (6.70% ± 0.77% and 5.22% ± 0.68%). The G0/G1 percentage of the decidualization group (84.80% ± 1.52% in D2 and 88.63% ± 1.48% in D4) ended up being higher than that of the control group in D2 (75.25% ± 1.73%) and D4 (85.17% ± 1.62%). The G2/M percentage of the decidualization group was lower than that of the control group in D2 (11.20% ± 0.79% and 18.05% ± 1.40%, respectively), and became similar in D4 (10.99% ± 0.64% vs 9.61% ± 0.97%). The above results suggested that ESCs were arrested at the G0/G1 phase during decidualization (Figure 1 ).
Profiles of cell cycle regulatory genes during human ESC decidualization in vitro
To explore how cell cycle regulatory genes control the differentiation of ESCs, we decidualized human ESCs by progesterone and cAMP. Cells at 30%-40% confluency were used in order to avoid contact inhibition. Then we detected the expression of 100 cell cycle regulatory genes by using a microarray chip. Two genes were found to be significantly upregulated, while seven genes were significantly downregulated in the decidualized group as compared to the control group. Among them, the P57 was upregulated with a fold change (FC) of 127.5903 on day 2 and 29.1919 on day 4. P15 was upregulated with an FC of 10.3344 on day 2 and 7.9224 on day 4. The downregulated genes (CCND1 , CCNA2, CCNB1, CDC2, CDC6, CDC20, and CDK2) are listed in Table 1 .
In vivo expression of cell cycle regulatory proteins
To validate the results of the microarray chip in vivo, the expression of cell cycle regulator proteins in human endometrial biopsy specimens was immunohistochemically and desitometrically determined ( Figure 2A ). The specimens included endometria at proliferative phase (n = 6) and decidua at early pregnancy (n = 6). The expression of P57, P15, Cyclin D1, CDK2, and CDC2 was found to be consistent with the findings of microarray analysis. The P57 and P15 proteins were highly expressed in the cytoplasm and nucleus of decidual cells. In the proliferative endometrium, these two genes were hardly expressed in the cytoplasm of ESCs. Cyclin D1, CDK2, and CDC2 were expressed strongly in the stromal cells of the endometria at proliferative phase as compared to the decidual stromal cells (P < 0.05). Contrary to the microarray results, the expression of Cyclin B1, Cyclin A2, CDC6, and CDC20 was The table showed the exact fold change of the up and down cell cycle regulatory genes after 2 days and 4 days of induced decidualization. The analysis was repeated three times. D2, decidualization day 2; C2, control day 2; D4, decidualization day 4; C4, control day 4. increased in the decidual stromal cells when compared to those of the proliferative ESCs (P < 0.05). The average optical densities of each protein in proliferative and decidualized stromal cells are listed in Figure 2B .
Downregulated P57 inhibits ESC decidualization
Among the five genes that presented similar expression pattern, the two CDKIs (P57 and P15) had a strong expression in decidual stromal cells, suggesting that the two molecules may be crucial to the G0/G1 arrest during ESC decidualization. Therefore, the two CDKIs were singled out for further evaluation of their roles in decidualization by the RNAi method. The ESCs had undergone a series of typical morphological changes after decidualization. Four days after induced decidualization, they transformed from spindle-shaped cells into larger polygonal epithemlioid cells with a larger nucleus ( Figure 3A1 and A2). Apart from the typical morphological changes, the decidualized ESCs secreted significantly more PRL than their nondecidualized counterparts, and PRL is widely known as a biomarker of decidualization ( Figure 3B1 ). After P57 was downregulated, the decidualization of ESCs was partially inhibited, as indicated by less typical morphological changes under an inverted microscope ( Figure 3A3 ). The concentration of PRL per cell in the culture medium decreased by more than 50% when compared to the negatively transfected cells (P < 0.05) 2 and 4 days after the induced decidualization ( Figure 3B2 ). However, the downregulation of P15 did not seem to exert comparable effect on the decidualization of ESCs. After induced decidualization, the P15-transfected cells showed morphological features similar to those observed in the negatively transfected cells ( Figure 3A4 ). Two and four days after the induced decidualization, the PRL secretion per cell in the P15-transfected cells was also close to that in the negatively transfected group ( Figure 3B3 ). The ultrastructural morphology of the decidualized ESCs was observed under a transmission electron microscope. In the negatively transfected cells, decidualized ESCs were round and large sized, with a bigger euchromatic nucleus, conspicuous nucleoli, and a well-developed network of rough endoplasmic reticulum ( Figure 3C1-C3 ). Also noted were several vesicles in the intracellular matrix and a number of condensed mitochondria. Such ultrastructural changes were indicative of active secretion of the decidualized ESCs. In the P57 siRNA-transfected cells, the decidualized ESCs had smaller cell nuclei and their rough endoplasmic reticula were less developed, indicating that decidualization was diminished ( Figure 3C4-C6 ).
Downregulated P57 inhibited ESC decidualization by interfering G0/G1 arrest
Two days after decidualization, the cell number in S phase of the P57 transfection group was increased compared to the control group (2.05% ± 0.44% vs 6.48% ± 3.14% respectively, P < 0.01). The cell number at G0/G1 phase of the P57-transfected group was decreased in comparison to the control group (91.55% ± 2.21% vs 82.54% ± 4.64%, P < 0.01) and the cell number at G2/M phase was increased compared with that in the control group (6.41% ± 1.99% vs 10.97% ± 1.95%, P < 0.01). Four days after decidualization, the cell number at S phase in the P57-transfected group was increased when compared with the control group (1.51% ± 0.27% vs 3.06% ± 1.40%, respectively, P < 0.05) ( Figure 3D ). These findings indicated that downregulated P57 adversely interferes with the cell cycle G0/G1 arrest, thereby impeding decidualization of ESCs.
Discussion
ESC decidualization is essential for normal pregnancy [3, 5, 24] . and proper decidualization requires cell cycle exit in combination with differentiation. The cell cycle is precisely regulated at G1-to-S and G2-to-M checkpoints. Most of the cells undergoing differentiation are arrested at the G1-to-S checkpoint, i.e., at the G0/G1 phase. With many cell types, such as ovarian cancer cells, cAMP triggers, in molecular term, the arrest of the G0/G1 cell cycle [25] . Progesterone was also shown to be able to terminate the cell cycle, thereby inhibiting proliferation [26] . This study showed that the percentage of cells was increased in the G0/1 phase and decreased in S phase upon the treatment by a cAMP plus MPA for a period of 2 to 4 days, suggesting that cell cycle was arrested at the G0/1 phase. This result was consistent with a previous finding in immortalized ESCs decidualized by 17β-estradiol, MPA, and cAMP at 30% cell confluency [27] .
G1-to-S checkpoints are strictly regulated by cyclins, cyclindependent kinases (CDKs) and CDK inhibitors (CDKIs) [28] . Cyclin D1 forms a complex with CDK4 or CDK6, whose activity is required for the transition from G1 to S phase. CyclinD1-CDK4 complex promotes passage through the G1 to S phase by inhibiting the Rb protein via phosphorylation [29] . CyclinE-CDK2 complex is also essential for the G1-to-S transition [30] . CDC2, also known as CDK1, binds to G1/S cyclin and is critical for the preparation of S phase (e.g. duplication of centromeres or the spindle pole bodies) [31] .
Using 30%-40% confluent primary cultured ESCs, we examined the changes in the profile of cell cycle-regulating genes during ESC differentiation by employing high-throughput microarray. Furthermore, we validated the in vitro result in histological sections of decidua at early pregnancy and ESCs in proliferative phase. We found that the expression of Cyclin D1, CDK2, and CDC2 was lower in the decidualized cells than in the control cells both in vitro and in vivo, which indicated that they might play an important role in the G1/G0 cell arrest during endometrial cell decidualization.
CDKI negatively regulates CDK activity and plays a crucial role in the G0/G1 cell cycle arrest. Based on the sequence homology and CDK specificity, CDKIs have two major families, i.e. INK4 and CIP/KIP. The CIP/KIP family consists of three structurally related members: P21, P27, and P57 while INK4 includes P16, P15, and P19 [32, 33] . Both in vitro and in vivo, P57 and P15 were highly expressed in the differentiated ESCs. P57 is a paternally imprinted CDKI and exerts its anti-proliferative effect by stopping cells in the G1 phase in a wide array of tissues and cell lines [34] . The 310-helix region of P57 is indispensable for the inhibition of CyclinA/CDK2 and CyclinE/CDK2 complex [35] . P15 is also a tight-binding CDKI of several G1 cyclin-CDK complexes, and it inhibits the cell cycle at several checkpoints [36, 37] .
CDKIs are implicated, both directly and indirectly, in the regulation of cell differentiation and its members are important for integrating cell cycle exit and differentiation [38] . We further studied the two upregulated CDKIs (P57 and P15) to understand their specific roles in the ESC decidualization. As aforementioned, siRNA study showed that the expression of P57 gene in ESCs was downregulated and ESCs were decidualized by MPA and cAMP at the same time. After P57 downregulation, decidualization of human ESCs was impaired, as manifested by corresponding morphological changes, and a relatively low secretion of PRL when compared to the controls. As a member of CDKIs, P57 prevents cells from entering S phase by interacting with the D-type cyclins and a number of CDKs [35, 38] . Downregulation of P57 lessened such inhibition and encouraged ESCs to go into S phase 2 and 4 days after treatment with MPA + cAMP, thus attenuating the decidualization. Conclusively, P57 regulates ESC decidualization by affecting the cell cycle distribution. Nonetheless, CDKIs can work independent of CDK regulation. For instance, the direct binding of P57 to MyoD has been reported to stabilize MyoD, thereby promoting myoblast differentiation [39] . Whether P57 can regulate decidua-specific tran- scription factors warrants further investigations. Moreover, we also found that the expression of P15 was elevated in decidualized ESCs. However, downregulation of P15 in ESCs did not seem to interfere with the process of decidualization. This can be explained by two possible reasons. First, P15 is not functionally important in the ESC decidualization. As we know it, just because some proteins are highly expressed that does not mean they are functionally important in some biological process. Second, P15 can be functionally compensated by other molecules, such as P57, which was found to be important in the process of human ESC decidualization.
A question will naturally present itself: How cAMP and progesterone pathways upregulate the expression of P57? In our previous studies, we confirmed several upstream regulators of P57 that play crucial roles in the ESC decidualization [23, 40] . We found that the activation of cAMP and the progesterone pathways could downregulate the has-miR-222/221, thereby leading to the overexpression of P57 during decidualization [23] . Additionally, we previously found that homeobox A10 (HOXA10), one of the progesterone receptors that directly regulate genes, was downregulated during decidualization [40] . The reduced expression of HOXA10 might contribute to the upregulation of P57 during ESC decidualization [40] . Other studies also exhibited that Forkhead Box O1A (FOXO1) controlled ESC differentiation by regulating P57 expression [13, 41] . On the basis of above-mentioned findings, we hereby proposed a model that explains how ESC exit the cell cycle and go into differentiation (Figure 4 ).
In conclusion, in this study we proved that cell cycle regulatory genes P57 and P15 are upregulated, while Cyclin D1, CDK2, and CDC2 are downregulated during the ESC differentiation both in vitro and in vivo. Furthermore, we demonstrated that P57 is one of the key regulators that modulates ESC differentiation by controlling cell cycle distribution. The interaction between P57 and deciduaspecific transcription factors awaits further investigations.
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Supplementary data are available at BIOLRE online. Figure S1 . Downregulation of P57 and P15 protein by P57 siRNA and P15 siRNA. (A) Immunofluorescence detection of vimentin in primary cultured ESC. (B) Fluorescent photography of ESCs after transfection of Cy3-labeled control siRNA. (C) Expression of P57 and P15 protein after transfection of P57 siRNA and P15 siRNA. The level of protein expression for P57 and P15 was calculated as a ratio for their densitometric reading to that of the corresponding GAPDH. Data represent mean ± SEM from three separate experiments. ( * P < 0.05).
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